We have synthesized a series of oligonucleotides containing the EcoRI (GAATTC) or EcoRV (GATATC) recognition site within which or adjacent to which thymidine was substituted by uridine or derivatives of uridine.The effects of these substitutions on the rate of the EcoRI and EcoRV catalyzed cleavage reaction were investigated.Our results show that most of the substitutions within the site are quite well tolerated by EcoRI.not.however,by EcoRV.We conclude that the thymin residues most likely are not directly involved in the recognition process of the EcoRI reaction.In contrast,they are major points of contact.between substrate and enzyme in the EcoRV reaction.The effects of substitutions in the position adjacent to the recognition site is also markedly different for EcoRI and EcoRV.Here,EcoRI seems to be considerably more selective than EcoRV.
INTRODUCTION
The high specifity with which restriction endonucleases attack their specific site within an excess of non-specific sites must reside in several unique contacts that can only be formed in the specific enzyme substrate complex.not.however, or only in part in non-specific complexes.lt has been a subject of great interest for many years to elucidate the structural determinants on the DNA that are used by different restriction endonucleases for the discrimination between specific and non-specific DNA.The most widely used approach to define DNA contacts important for specific complex formation has been to analyze the effects of nucleotide substitutions within and adjacent to the recognition sequence on the cleavage reaction (for review cf. (1)).
For the EcoRI restriction endonuclease .the so far best studied restriction enzyme.it was shewn,that the replacement of IR L Press Limited, Oxford, England. cytosine in phage DNA with glucosylated hydroxymethylcytosine, not.however,with hydroxymethylcytosine .confers resistance to cleavage by EcoRI ( 2,3 ).Substitution of thymin in phage ONA by uracil does not affect the cleavage reaction,the substitution,by hydroxymethyluraci1.however,significantly lowers the rate of cleavage( 3,4 ).5-Bromouraci1-substituted DNA is also digested more slowly than the unsubstituted DNA( 4-6 ).Replacement of guanine by hypoxanthine in phage DNA did not have any effect on the cleavage by EcoRI (7).Substitution of the adenine residues by 2-aminopurine in a synthetic oligodeoxynucleotide prevents double strand cleavage by EcoRI (8) .A limitation of all these studies was the use of DNA or oligodeoxynucleotides in which all guanine residues,all adenine residues,all thymine, or all cytosine residues were substituted by the modified base.The effect of a given substitution at a particular position within or adjacent to the recognition site cannot be identified unequivocally by this method.We have .therefore .approached the problem of identifying the structural elements involved in the recognition process between EcoRI and its substrate DNA by synthesizing a set of oligodeoxynucleotides containing modified nucleotides at singular defined positions.In the present paper we describe the results of cleavage experiments with oligodeoxynucleotides in which thymidine residues were substituted by a variety of analogues within and adjacent to the recognition site of EcoRI AAAGAATTCTT For comparison,analogous experiments were carried out with EcoRV and oligodeoxynucleotides related to AAAGATATCTT The results obtained demonstrate that EcoRI,unlike EcoRV,tolerates most of the thymidine substitutions within the recognition sequence ,indicating that the 5'positions of the thymin residues are not directly involved in the recognition process for the EcoRI reaction but are sites of contact in the EcoRV reaction .EcoRI and EcoRV are also not equally affected by substitutions at the position adjacent to the recognition site suggesting that these two enzymes also differ in their contacts with the flanking region. While it could be concluded from the results of several reports (14-17) that the unmodified oligonucleotides , as well as the dU, BdU and araU containing oligonucleotides would be double stranded under the conditions of our experiments, a prerequisite for their use as substrates for EcoRI and EcoRV, this was not the case for the a-and BpropU containing oligonucleotides. We have, therefore, recorded melting curves for these compounds. (19) it can be assumed that the bromoresidue in bromodeoxyuridine has also a similar if not larger hydrophobicity as the methyl group in thymidine (6) . There is no information available as to the effect of the substitution of a Br atom for the CKU group in thymidine on the structure of DNA. In the absence of such information we conclude that the moderate reduction in the rate of the EcoRI catalyzed cleavage upon replacement of thymidine by bromodeoxyuridine in the oligonucleotide probably reflects a steric hindrance of the Br atom in the enyzme substrate complex formation (6). This conclusion is reinforcedby the result of cleavage experiments with oligonucleotides containing within the recognition site B-5-propyluridine instead of thymidine. The substitution of the methyl group by the considerably larger propyl group makes these oligonucl eotides resistant to cleavage. The fact that the a-5-propyluridine containing oligonucleotides are not cleaved is not surprising, since they are not double stranded under the conditions of our experiments. The oligonucleotides in which 6-D-arabinosyl uracil replaces a thymidine residue within the recognition sequence is also not cleaved by EcoRI. It is known, that arabinosylnucieotides prefer the 3'endo over the 2'endo sugar puckering (20) . Whether this tendency is also manifest within an oligonucleotide, is not known. A reduction in the rate of the EcoRI catalyzed cleavage of the octanucleotide d(GGAATTCC) in which the first deoxyadenosine residue was replaced by 6-D-arabinosyladenine were also discussed in terms of an altered sugar puckering (16) . The fact that pyrimidine nucleosides have a higher propensity to adopt a 3'endo conformation than purine nucleosides (21), may be the reason, why the substitution of thymidine by arabinosyluracil has a much larger effect than the replacement of deoxyadenosine by arabinosyladenine It is evident from stereochemical considerations that the introduction of the hydroxyi group in the 2'position, if it led to a change of the normal sugar pucker, would concomittantly produce a distortion of the regular geometry of the phosphodiester backbone which would render the DNA resistant to cleavage.
MATERIALS AND METHODS

All
The effect of flanking sequences on the rate of cleavage of DNA by restriction endonucleases is now well documented for several of these enzymes (14, 17, 22, 23) . Preferential cleavage at particular sites is most likely due to the influence which flanking sequences exert on the conformation of the recognition sequence or its propensity to undergo a conformational change necessary for cleavage to occur (24) . It might also be that differences in the rate of cleavage are caused by contacts between the restriction enzyme and the regions adjacent to the recognition site. We have been interested to find out, whether and to what extent modification of the kind introduced within the cleavage site will affect the rate of cleavage when located adjacent to the recognition site. As can be seen in table 1, the replacement of thymidine by uridine and bromodeoxyuridine in the position adjacent to the recognition site has a similar if not larger effect than within the site, indicating that the nucleotide flanking the 3'end of the recognition sequence is at least as much involved in the interaction between enzyme and substrate as the two thymidine residues within the recognition sequence. The contact, however, is probably not as close, since the bulky B-5-propyluridine substitution is better tolerated if located adjacent to rather than within the cleavage site. We conclude from this set of results that flanking sequences influence the conformation of the recognition sequence.
The slow rate with which the arabinosyluracil substituted oligonucleotide with the substitution in the position flanking the recognition site is cleaved indicates that also in this position the distortion of the DNA backbone by the presumed 3'endo conformation of the arabinose residue impairs the correct jux-taposition of enzym and substrate.
Taken together our results suggest that in forming the specific complex EcoRI does not interact with the methyl group of the thymidine residues within the recognition sequence. Its approach to the major groove in this region is sufficiently close forsteric hindrance to occur, when the methyl group of thymidine is replaced by larger substituents. EcoRI is sensitive to slight modifications in the base adjacent to the recognition sequence demonstrating the involvement of flanking sequences in complex formation. Furthermore the conformation of the phosphodiester backbone at the thymidine residues within the recogniion sequence and adjacent to it seems to be very critical for efficient cleavage to occur. After completion of the work described here the 3A structure of an oligodeoxynucleotide EcoRI restriction endonuclease complex was published (24), from which it was concluded that the direct sequence specific interactions between EcoRI and its substrate consist of twelve hydrogen bonds between arginine and glutamic acid side chains of the protein and the adenine and guanine bases of the DNA. Pertinent to our results and in good agreement is the apparent absence of direct contacts between EcoRI and the thymineresidues of the recognition sequence. It has to be pointed out, however, that our experiments were carried out in the presence of Mg + ions, while the X-ray analysis was performed on co-crystals obtained in the absence of Mg + .
Analogous cleavage experiments as carried out with EcoRI were done with EcoRV. The results of these experiments are shown in table 2. The replacement of either thymidine residue within the recognition sequence by uridine leads to a complete resistance against cleavage by EcoRV. Obviously, hydrophobic contacts between the enzyme and its substrate at both positions within the recognition site are essential for catalysis to occur. Substitution of thymidine by bromodeoxyuridine and B-5-propyluridine reduces the rate of cleavage by 80% and almost to zero, resp., an indication of steric hindrance. The a-5-propyl uridine substituted oligonucleotides, with the substitution within the recognition site which are single stranded under the conditions of the experiment were not expected to be cleaved. Similar as with EcoRI, the distortion of the phosphodiester backbone by introducing arabinosyluraci1 in the place of either thymidine within or adjacent to the recognition site is not tolerated by EcoRV. Different from the EcoRI reaction, uridine, bromouridine or B-5-propyluridine in the position flanking the recognition site do not impair the rate of oligonucleotide cleavage in the EcoRV reaction.
Taken together these results suggest that EcoRV in forming the specific complex strongly relies on hydrophobic contacts to the methyl groups of the thymidine residues within the recognition sequence and that it approaches its substrate very closely in this region such that bulky substituents in place of these methyl groups cause effectiv steric hindrance. It is interesting to note that the strict dependence of EcoRV on hydrophobic contacts in forming the recognition complex under normal buffer conditions must be relieved in the presence of dimethyl sulphoxide and alkaline pH, since under these conditions EcoRV* sites are cleaved in which thymidine is replaced by other nucleosides (25) . The configuration of the phosphodiester backbone both within and adjacent to the recognition site is critical for efficient cleavage to take place. The influence of the nucleotides adjacent to the 3'side of the recognition site is small.
CONCLUSION
We have studied the process of recognition of specific sites on DNA by the two restriction endonucleases EcoRI and EcoRV. Our experimental approach has been to modify residues of interest and to study the effect of these modifications in the rate of cleavage. We have concentrated in the present work on the role of thymidine in the recognition process and in particular on a possible involvement of the 5-methyl group of thymidine in a hydrophobic interaction in the enyzme substrate recognition complex. Our results demonstrate that such interactions are not relevant for the EcoRI catalyzed reaction.In contrast, EcoRV relies in its catalytic action strongly on hydrophobic contacts to both thymidine residues of its recognition sequence. A similar, albeit not as pronounced an effect, was observed recently for EcoRII (26) . The confirmation of our results regarding the EcoRI endonuclease by X-ray crystallography stu-dies lends credit to the predictive value of our analogue studies. Since structural studies using X-ray crystallography and electron microscopy of the EcoRV endonuclease and of its complexes with short DNA duplices are well under way (Winkler, F., personal communication), it will be possible to verify our results for the EcoRV endonuclease in the near future.
